Lead halide perovskite solar cells with multi-cation/mixed halide materials now give power conversion efficiencies of more than 20%. The stability of these mixed materials has been significantly improved through the addition of Cs + compared to the original methylammonium lead iodide. However, it remains one of the most significant challenges for commercialisation. In this study, we use photoelectron spectroscopy (PES) in combination with visible laser illumination to study the photo-stability of perovskite films with different compositions. These include Br : I ratios of 50 : 50 and 17 : 83 and compositions with and without Cs + . For the samples without Cs and the 50 : 50 samples, we found that the surface was enriched in Br and depleted in I during illumination and that some of the perovskite decomposed into Pb 0 , organic halide salts, and iodine. After illumination, both of these reactions were partially reversible. Furthermore, the surfaces of the films were enriched in organic halide salts indicating that the cations were not degraded into volatile products. With the addition of Cs + to the samples, photo-induced changes were significantly suppressed for a 50 : 50 bromide to iodide ratio and completely suppressed for perovskites with a 17 : 83 ratio at light intensities exceeding 1 sun equivalent.
Introduction
Lead halide perovskites were rst applied in solar cells as a light absorber in dye-sensitized solar cells with a power conversion efficiency below 4% and poor stability.
1 Since then they have evolved from simple methylammonium lead iodide (MAPbI 3 ) to complex multi-cation/halide mixed materials with efficiencies over 22% and signicantly improved long term stability. [2] [3] [4] [5] [6] [7] Most perovskite lms are deposited directly from solutions, allowing short iteration times and fast optimisation.
8 This is further enhanced by inherent excellent optoelectronic properties like: a direct band gap, strong absorption, high dielectric constant, and long charge carrier diffusion lengths, as well as benign defects. 9 The perovskites also benet from a broad exibility in terms of compositional engineering where the halogens, the cations as well as the lead can be replaced, either fully or partially. 10 By for example changing the Br : I ratio, the band gap is tuneable between 1.6 eV and 2.3 eV making perovskites interesting for both single junction and tandem architectures.
11
However, a number of challenges remains before perovskites solar cells will be able to compete with traditional solar cells commercially. Stability is a key problem with perovskites being sensitive to oxygen, 12 moisture, 13, 14 high temperatures 15 and UVradiation. 16 For a material expected to last 25+ years in hot, humid, and oxygen rich conditions while exposed to rain and UV-radiation, this is a challenge that must be dealt with. Another potential issue is JV-hysteresis, where the perovskite solar cells exhibit different properties depending on scan rate and direction. JV-hysteresis is believed to be partially caused by the migration of ions, mainly I , and is affected by the internal electric eld. [17] [18] [19] The stability and efficiency of the perovskites have improved signicantly by tuning the bromide : iodide ratio, and through addition of Cs + or more recently Rb + and K + . 3, [20] [21] [22] [23] The mechanism by which these modications affect the stability are not completely understood but it has been suggested that the addition of Cs + improves crystallinity, suppresses phase separation and decreases the defect density at the grain boundaries.
3,22,24
In order to provide a deeper understanding of the working mechanisms and details of the processes inuencing the perovskite stability, methods that can assess light-induced changes at an atomic level are needed. Such techniques are also of general interest for materials science to assess the interaction of materials and their surfaces with light. We have previously shown that photoelectron spectroscopy (PES) can be used to study the chemical changes of the perovskite surfaces during illumination. 25 Those experiments were carried out on FA 0.85 MA 0.15 Pb(Br 0.15 I 0.85 ) 3 under illumination with a 515 nm laser and were conducted at the LowDosePES endstation 26 at the synchrotron BESSY II. By using a low X-ray ux and a high efficiency spectrometer (Angular resolved Time-of-Flight, ArTOF), sample degradation by the X-ray photons on the sample was negligible. 25 At other beamlines, also the X-rays themselves can cause sample degradation, which makes it difficult to distinguish visible light-induced from X-ray-induced effects. Our measurements at the LowDosePES endstation avoid this issue and we were able to investigate the effects of visible illumination in situ. We found that illumination inuences the relative concentration of halides (Br, I) and lead at the perovskite surface, most likely as a consequence of halide migration and an accompanying phase separation, and also causes the formation of metallic lead (Pb 0 ). Both processes were found to be partially reversible.
In this study, we expand our previous work by comparing the photo-induced effects for perovskite lms with different compositions. In particular, we investigate the impact of the Br : I ratio and of the addition of Cs + . Table 1 . Perovskite precursor solutions were prepared in a glovebox with a nitrogen atmosphere with a small excess of PbI 2 , which was previously found benecial for device performance.
41 Stock solutions of PbI 2 and PbBr 2 were prepared in advance whereas the nal precursor solutions were prepared just before perovskite deposition. Anhydrous DMF : DMSO in the proportion 4 : 1 was used as solvent for the perovskite solutions. Six master solutions were prepared: (a) 1.25 M PbI 2 and 1.14 M FAI, (b) 1.25 M PbI 2 and 1.14 M MAI, (c) 1.25 M PbI 2 and 1.14 M CsI, (d) 1.25 M PbBr 2 and 1.14 M FABr, (e) 1.25 M PbBr 2 and 1.14 M MABr, (f) 1.38 M CsI in DMSO. The nal perovskite solutions were prepared by mixing the stock solutions according to Table  1 . The MA and FA salts were bought from GreatCell solar, the lead salts from TCI, solvents from Fisher Scientic and the remaining chemicals from Sigma Aldrich. All chemicals were used as received without further treatment.
The perovskite deposition is described in detail in the ESI. † In short, perovskites were spin-coated on FTO substrates with a TiO 2 /mesoporous TiO 2 blocking layer in a N 2 lled glovebox using a one-step anti-solvent method with chlorobenzene as the anti-solvent. The deposited lms were annealed at 100 C in the glove box for 30-60 min and then stored in dry air. UV-vis absorption measurements of the perovskite lms were performed using an Ocean Optics spectrophotometer HR-2000 c with a deuterium and a halogen lamp. Steady state photoluminescence was measured with a Fluorolog, Horiba Jobon Yvon, FL-1065 spectrometer. A white tungsten lamp was used as luminous source. A monochromator was placed between the sample and the light source as well as between the sample and the detector. An excitation wavelength of 435 nm was used for all samples. Photoluminescence spectra were measured from 455 nm to 835 nm in steps of one nm. The excitation source and the detector were placed at 90 with respect to each other. The sample was orientated at 60 with respect to the excitation source in order to decrease interference from reected light. X-ray diffractograms were recorded with a Siemens D5000 Diffractometer using a parallel beam geometry with an X-ray mirror and a parallel plate collimator of 0. 4 . The X-ray source was Cu Ka emission with a wavelength of 1.54Å. The angle of incidence was 2 and 2q scans were performed between 10 and 70 with a step size of 0.1 . SEM imaging was carried out on a Zeiss LEO 1550 scanning electron microscope. Samples were stored and transported in darkness and low moisture atmosphere before introduction to sub-10 À9 mbar pressures at the LowDosePES endstation at the PM4 beamline at the BESSY-II synchrotron for measurements. 26 A detailed description of the endstation can be found in ref. 25 and 26. Monochromatization of the incoming X-ray radiation was performed with a plane grating monochromator with 360 lines per mm and the beam was focused to a sub-100 mm spot on the sample. Photoemission from the sample was measured using an ARTOF-2 spectrometer with an acceptance angle of 30 . To be able to use the ARTOF-2 spectrometer, the beamline was operated in pseudo-single bunch mode via a mechanical chopper. 26, 42 The ArTOF raw data was converted to intensity versus kinetic energy using the IGOR ArTOF loader and analysis package. The spectra were then energy calibrated by measuring the Fermi level or the Au4f level of a gold foil mounted on the manipulator and setting the binding energy of the Fermi level to 0 eV or the binding energy of Au4f 7/2 to 84 eV. For the steady state characterisation, the peaks were energy calibrated against Pb5d 5/2 at 19.8 eV (ref. 43 ) with the exception of spectra recorded with 540 eV photon energy, which were energy calibrated against Pb4f 7/2 at 138.6 eV.
44
The second harmonic (515 nm) of the laser system installed at the beamline (Tangerine model from Amplitude Systems) was used for visible illumination of the samples with a pulse length of about 350 fs and a repetition frequency of 208.33 kHz (i.e. 1/6 of the repetition rate of the synchrotron pulses). Spatial overlap between the X-ray and the laser pulses was achieved in the same way as described previously, 25 and the overlap was checked on an Yttrium Aluminium Garnet (YAG) crystal mounted on the same manipulator as the sample on a regular basis. For the presented measurements, the full width at half maxima (FWHM) of the laser spot in the horizontal direction and vertical direction were estimated to be 0.42 mm and 0.30 mm on the YAG crystal. This gives a FWHM area of 0.098 mm 2 , meaning that 76% of the power falls within this area. Two laser powers were used (0.20 mW and 0.91 mW), which gives approximate power densities of 155 mW cm À2 and 706 mW cm À2 , respectively. Time evolution measurements of different core levels with the ArTOF spectrometer in xed mode were carried out with the laser with the following sequence: 5 minute baseline measurement before the laser was switched on, 30 minutes measurement with the laser and 30 minutes without the laser to observe any post-illumination reactions. Each time evolution measurement was carried out on a fresh sample spot, which had not been exposed to laser illumination before. To ensure that the kinetic energy, and thus the probing depth, was kept constant, a photon energy of 90 eV was chosen for Pb5d, 120 eV for I4d, and 139 eV for Br3d. Due to the low kinetic energy (around 65 eV), the probing depth is estimated to be below 2 nm (ref. 45 ) and as such we are unable to directly measure the bulk during illumination. However, reactions in the bulk are likely to be reected in the surface structure if ions from the perovskite migrate and the perovskite restructures itself. 16, 19, 25, 46 A combination of low cross-section, low photon ux, low concentrations and high background make the measurement of the core levels relating to N and Cs (i.e. elements included in the monovalent cations) during illumination challenging, and therefore those are not included in the analysis. Aer initial processing in IGOR Pro, the time evolution spectra were exported to MATLAB, where they were peak tted with a series of Gaussian peaks to obtain changes in intensity and position of the core level peaks.
To characterise the surface composition of the perovskite, both before and aer illumination, the Pb5d, I4d, and Br3d signals were measured using a photon energy of 120, 139, and 147 eV, and the Pb4f, I4d, Br3d, N1s signals were measured using a photon energy of 540 eV. The photoelectron peaks were then tted with a Voigt function with the background tted using a combination of polynomial, active Shirley background, 47, 48 and a Herrera-Gomez slope background. 49 In the standard method of characterising chemical composition, the area of the photoelectron peak determined from such a t is then divided by the theoretical photoionization cross section 50, 51 whereupon intensities of different elements in the sample can be directly compared. However, at photon energies close to the binding energy, the theoretical cross-section becomes unreliable and therefore a reference sample with known ratios is required. We therefore also carried out measurements on PbI 2 and PbBr 2 reference samples with the same photon energies, as these have known I/Pb and Br/Pb ratios. The results from the perovskite characterisation of I/Pb and Br/Pb ratios were then normalised against the PbI 2 and PbBr 2 reference samples by setting the I/Pb and Br/Pb ratio to 2 : 1 for the references. No such correction could be performed for signals from the N1s and Cs4d core levels and these were therefore not quantied.
Results and discussion
Absorption and emission spectra of the different perovskites are presented in Fig. 1, S1 and S2. † From these measurements, the band gaps of the perovskites were determined to be 1.63 eV for a halide ratio of 17 : 83, 1.84 eV for MA 0.17 FA 0.83 PbBr 0.5 I 0.5 and 1.82 eV for Cs 0.05 MA 0.15 FA 0.8 PbBr 0.5 I 0.5 . The bandgaps of all perovskites are therefore smaller than the photon energy of the laser (515 nm, 2.41 eV) and the absorbance at this energy is greater than 1.4 for all samples. The laser light is therefore absorbed strongly by all samples. In the emission spectra of the 50 : 50 and 50 : 50 + Cs we observe an asymmetrical emission Table 1 Amounts out of 100 of the stock solutions (a to f) used to prepare the final precursor solutions for the different perovskite compositions. (a) 1.25 M PbI 2 and 1.14 M FAI, (b) 1.25 M PbI 2 and 1.14 M MAI, (c) 1.25 M PbI 2 and 1.14 M CsI, (d) 1.25 M PbBr 2 and 1.14 M FABr, (e) peak towards lower wavelengths indicating that we have emissions from different phases with the lower wavelength peak most likely originating from an iodide rich phase. The XRD diffractograms of the different perovskite compositions are presented in Fig. 1, S3 and S4. † For all samples, characteristic peaks of the perovskite structure are seen. Additionally, also some peaks of the FTO/TiO 2 substrate are observed as well as the presence of PbI 2 . The presence of PbI 2 is expected from the excess of PbI 2 used in the sample preparation. 41 The perovskite diffraction peak positions of the 17 : 83, 17 : 83 + Cs and CsFA samples are identical within the uncertainty suggesting that the cation only has a small effect on the unit cell of the perovskite. The diffraction peak positions of the 50 : 50 and 50 : 50 + Cs perovskites are shied towards larger angles indicating that the unit cell is smaller than for 17 : 83, as would be expected with a higher bromide fraction. However, as for the 17 : 83 compositions, the difference in peak position between the 50 : 50 samples is negligible given the uncertainty.
SEM images of the different perovskite lms are presented in Fig. 1 and S5 in the ESI. † The average crystal size of the 17 : 83, 17 : 83 + Cs is smaller than 50 : 50, 50 : 50 + Cs and the CsFA lm. All the lms are pinhole free. Devices were also manufactured and characterised, see Table S1 and Fig. S6 , † using the studied compositions with top efficiencies of about 10% for the 50 : 50 compositions, 17% for the 17 : 83 compositions and 15% for the CsFA composition. All solar cells of the batch presented here showed hysteresis with the 50 : 50 compositions showing a larger hysteresis than the other compositions.
The results of the steady state PES characterisation of the different samples are presented in Fig. S7-S14 and Table S2 in the ESI. † Using intensity ratios corrected by the PbI 2 and PbBr 2 ratios, we found relatively similar I/Pb and Br/Pb intensity ratios with different photon energies and However, all of the compositions show excess halides compared to what would be expected from a pure perovskite phase indicating that the surface is enriched in halides not associated with lead. The presence of the organic cations can be investigated through the N1s spectra (Fig. 2a) . While the absolute intensity ratios of the N1s in relation to Pb4f are difficult to assess due to their difference in kinetic energy (z400 eV and z 140 eV) and resulting difference in probing depth, we note that the 50 : 50 compositions show the highest N1s/Pb(II) intensity followed by the 17 : 83 compositions with CsFA showing a particularly low N1s/Pb(II) intensity (Fig. 2a) . The N1s/Pb(II) intensity appears to correlate with excess halides indicating the presence of a surface layer of halides charge balanced by organic cations. The thickness and/or exact composition of this surface layer depends on the perovskite composition with a surface layer enriched in organic halide salts found for a 50 : 50 halide ratio. Fig. 2b shows a schematic representation of this result. Furthermore, the ratio of MA + to FA + can be assessed by comparing the ratios of the two different nitrogen peaks. 41 We nd that all samples show signicantly more MA + towards the surface than expected from stoichiometry. We also observe a signal of Cs4d in the 17 : 83 + Cs, 50 : 50 + Cs and CsFA samples ( Fig. S10 and S12 †) conrming the presence of Cs + in the samples. However, due to the surface sensitivity of the measurement and the weakness of the signal, an accurate quantication of the Cs + amounts was not possible in this case.
We now turn to the impact of laser illumination on the Pb5d, I4d and Br3d core levels. For all samples, the evolution of these levels was determined during illumination with a laser power of 0.20 mW, which approximately corresponds to a power density of 155 mW cm
À2
. The raw data of these measurements is presented as surface plots in the ESI (Fig. S15 †) . The general changes observed in the spectra are similar to our previous study: 25 For all core levels, binding energy shis to higher binding energies are observed during laser illumination. The main reason for these shis is likely to be photo-induced charge separation between the perovskite lms and the TiO 2 substrate. 25 Furthermore, during illumination of some of the samples we observe a change in intensity for the signal from Pb5d, I4d, and Br3d. For Pb5d, the formation of a new spinorbit doublet associated with formation of metallic lead (Pb 0 ) is observed in addition to intensity changes of the main peak. We therefore present the time evolution data through a comparison of the intensity changes in Pb5d, I4d and Br3d and the percentage of Pb 0 , which is formed in relation to the Pb(II) intensity (Fig. 3) . For I4d and Br3d, the intensities are normalised to the initial I/Pb(II) and Br/Pb(II) ratios observed for each sample (from Table 2 ) in order to better indicate the absolute magnitudes of the changes. It is worth noting here again that none of the changes are induced by X-ray illumination but are due to the 515 nm laser illumination between t ¼ 0 and t ¼ 30 minutes.
25
During illumination, we observed an increase in the surface (i.e. top 2 nm) concentration of Br À and a decrease in the concentration of I À for some of the samples, which is partially reversed aer illumination. The magnitude of the change in I À and Br À concentration is highly dependent on their initial concentration in the sample. The largest nal photo-induced changes are observed for the 50 : 50 sample followed by the 50 : 50 + Cs sample and nally the 17 : 83 sample. The 17 : 83 sample shows a step increase of total Pb intensity immediately aer exposure to laser illumination. The origin of this step increase is unclear, as it was not observed in any of our other measurements. 25 and could be an artefact from the measurement. Following this step increase, the total Pb intensity decreases as observed previously, 25 however this decrease is not reversible. The 50 : 50 and 50 : 50 + Cs samples show a 13% and 5% irreversible decrease in total Pb intensity, respectively. In the 17 : 83 + Cs and CsFA samples, almost no light-induced changes are observed except for a small overall increase in the total Pb intensity. The Pb 0 fraction follows a pattern similar to the one previously observed 25 (except for the 17 : 83 + Cs and CsFA samples) with a continuous increase during illumination followed by a decrease aer illumination to a constant value. Here, we observe that the 50 : 50 and 17 : 83 samples show a maximum Pb 0 fraction of 6.1% and 2.7% and a postillumination fraction of 3.3% and 1.7%, respectively. Interestingly, this is higher than for 50 : 50 + Cs which has a maximum Pb 0 fraction of 2.2% and a post-illumination fraction of 1.3%
suggesting that Cs could be more important for photostability than an optimal Br : I ratio, at least in regard to Pb 0 formation. In case of the samples with a 17 : 83 ratio of Br to I and added Cs + , the Pb 0 concentrations were below our detection limit (<0.3%) throughout the time evolution series. In order to determine any differences in photostability between the 17 : 83 + Cs and CsFA samples, further measurements were carried out with a laser intensity of 0.91 mW ( (Fig. S17 †) . This indicates that neither the Fermi level nor the chemistry of the CsFA sample has signicantly been affected by illumination. Steady state PES of sample spots illuminated with 0.20 mW was carried out aer reaching equilibrium, i.e. when no more changes were observed. The results are compared to measurements on pristine sample spots (Table 3 and intensity. An increase in I/Pb(II) ratio seems at rst glance contradictory to the results presented in Fig. 3 , where a decrease in absolute I4d intensity was observed during laser illumination. However, here a ratio to Pb(II) is shown and the decrease of Pb(II) intensity is not reversible while the decrease in I4d intensity is partially reversible (Fig. 3 ). The 17 : 83 + Cs and CsFA samples show no change in the I/Pb(II), Br/Pb(II) ratios and the MA + FA/Pb(+II) intensity. Finally, there appears to be a correlation between excess of halide, i.e. total halide/Pb(II) À 3, and the increase in organic cation to lead ratio (Fig. 6 ). This suggests that excess halides are charge balanced by MA + FA at the surface. The MA + FA and the halides most likely originate from the bulk of the perovskite. However, in all compositions the MA : FA ratio is unaffected by illumination indicating that MA and FA do not segregate during illumination. The relative increase in total halide and nitrogen intensities clearly demonstrate that the photo-induced changes observed here are not related to the degradation of the perovskites into PbI 2 or PbBr 2 and volatile degradation products of FA and MA. Such processes would occur, if the laser illumination caused a signicant heating and heat-induced degradation of the samples. 25 As discussed previously, 25 our observed changes can instead be separated into two different types: a photo-induced electron transfer reaction, which results in the formation of Pb 0 , and ion migration, which results in concentration changes at the surface (Fig. 7) . We have suggested that the formation of 
with I 2 escaping into the vacuum at the sample surface leaving only Pb 0 and MAI/FAI. Removal of iodine from a methylammonium lead tri-iodide perovskite was recently also observed experimentally. 53 The reaction is expected to occur through the formation of neutral iodine interstitials under illumination and leads to an increased number of iodine vacancies in the lattice. The proposed reaction can also explain a small increase in organic cations at the surface. Iodine formed below the surface is likely to be trapped in the crystal allowing the reverse reaction, reforming the perovskite aer illumination. Such a mechanism is in agreement with the observed decrease in Pb 0 aer illumination. However, as some iodine is removed from the sample into vacuum under our experimental conditions, the reaction is not fully reversible. However, Pb 0 formation itself cannot explain the changes in the Br : I ratio and the overall increase in halide concentration at the sample surfaces that we observe in some of our samples. Instead, as reported previously, 25 the most likely explanation for the intensity change is related to ion movements and phase separation of the perovskite into a Br-rich and a I-rich phase with the Br-rich phase being preferential to the surface. Phase separation has been observed for mixed halide compositions containing more than 20% bromide for MA and FA cations.
32,37
Photoluminescence studies point to the I-rich phase having a Br : I ratio about 20 : 80 in samples where phase separation occurs regardless of the original composition 31, 32, 34, 35, 54 as well as indicating that the I-rich phase tends to accumulate in the grain boundaries.
55 For our 17 : 83 samples, phase separation is not expected to occur, but we clearly observe ion migration and the formation of a bromide-rich phase at the surface in absence of Cs + . For the 50 : 50 samples, illumination also leads to a bromide-rich phase at the sample surface that is enriched with Br À and depleted in I À during illumination. This suggests that the surface might behave differently from the grain boundaries. The time scales observed here for the concentration changes at the surface are different to time scales observed in XRD studies of MA-based perovskites where phase separation took less than 1 minute, compared to changes occurring for 30 minutes in our results. 31, 34, 35 This could suggest that we observe some slower changes at the surface of the lms than XRD does for the bulk.
It is clear from our results that both the observation of ion movement/phase segregation and Pb 0 formation at the sample surface are strongly affected by the addition of Cs + ions to the perovskite composition (Fig. 7c) . In the case of the samples with a 50 : 50 Br : I ratio, it is mostly the Pb 0 formation which is diminished by the presence of Cs + , while ion migration clearly still occurs although at a reduced rate. For the 17 : 83 samples, the addition of Cs + makes the sample surfaces signicantly more stable both in terms of Pb 0 formation and ion movement/ phase separation. One potential explanation is improved crystallinity and a decrease in defect density by the addition of Cs + . 24, 56 Defects are expected to play an important role for ion migration in perovskites 57 with the grain boundaries being particularly sensitive, 58, 59 as it is likely that the mobile halides are vacancies and interstitials. Fewer defects and a decreased mobility of halide ions can also explain a decrease in the amount of metallic lead formed: as discussed above formation of molecular iodine is likely to involve iodine interstitials and require mobile iodine. A reduction in the defect density could therefore be the reason for the reduced ion migration and also for the reduced formation of Pb 0 , we observe upon addition of Cs + at an optimal Br : I ratio. Decreased phase separation with Cs + and FA + has also been explained by reduced lattice distortions caused by excited carriers, which should lead to Fig. 6 N1s spectra of the different compositions before and after illumination, normalised to Pb(+II) 4f intensity and aligned with peak maximum at 400 eV. a thermodynamic favouring of a uniform phase. 32 Recently, Bischak et al. linked the formation and stabilisation of iodiderich clusters in mixed-halide single crystal perovskites to strong electron-phonon coupling, which could be limited by substituting polar cations (MA) with non-polar cations (Cs + ).
60
Regardless of the mechanism it is generally agreed that Cs + decreases the tendency for phase separation. 29, 30, 56, 61 Our results clearly show that addition of Cs + can limit ion migration. It is therefore possible to signicantly increase the intrinsic photostability of lead halides perovskites by optimising the A-site cation composition and the Br : I ratio.
Conclusions
In this study, we have used photoelectron spectroscopy to study photo-induced chemical changes with Cs + appears to further increase the stability compared to the most common 17 : 83 perovskites with 5% added Cs + . We also observe that the total amount of halides and organic cations at the surface increases aer illumination for the unstable 50 : 50, 50 : 50 + Cs and 17 : 83 samples. However, the MA : FA ratio is unaffected by illumination. Together with photochemical changes, we observed core level shis to lower binding energies following illumination. This shows that degradation affects the electronic structure of the perovskites, either due to changes in the chemical composition of the material or a reduced n-doping at the surface leading to a Fermi level shi relative to the valence band. Our study therefore gives clear insight into changes occurring in lead halide perovskites under illumination. In the future, such studies can be extended to further perovskite compositions. Furthermore, different surface treatments of the perovskites lms prior to illumination could be included. Finally, our methodology is also applicable for stability studies of other materials of relevance for optoelectronic applications.
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